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There have heen two prime viewpoints regarding the relation of metabolism to

morphogenesis. One advanced by Child and his students has considered rate of

metabolism in relation to the organismal factors initiating and directing the course

of morphogenesis. Barth (1938, 1940a, 1940b), supporting Child's view, has sug-

gested that increased oxygen tension in the tissues adjacent to a wound may furnish

a primary stimulus for regeneration in hydroids ;
but he found that rate of regenera-

tion was much more markedly stimulated by high oxygen tension than was rate of

oxygen consumption. Thus the effect on regeneration may not have been mediated

through an effect on total aerobic metabolism. The other viewpoint, advanced by

Tangl (1909) and more recently by Tyler (1933, 1936, 1942), has considered rate

of metabolism in relation to the release and utilization of energy in morphogenetic

processes, particularly differentiation. Tyler concluded from his work on sea

urchin embryos that differentiation requires the expenditure of metabolically re-

leased energy in addition to that required for maintenance, and that this energy
does not become resident in structure but is released as heat during morphogenesis.
This view is consistent with the work on "activity metabolism" (cf.. Fisher et al.,

1942, 1944).
The present study was undertaken to analyze further the relations between

metabolism and morphogenesis from both viewpoints. In the regenerating annelid,

measurements of morphogenesis may be made by counting the number of new seg-

ments produced (Stone, 1932 and Coldwater, 1933). The formation of a new

segment is not a simple event, but involves distinct stages. This allows estimation

-of the rates at which various processes in regeneration proceed. Metabolism may
be separated into fractions by means of poisons, and the relation of the activity of

particular cellular respiratory systems to morphogenesis may then be tested. Two
modes of approach were used in this study : oxygen consumption and respiratory

sensitivity to poisons were measured at various times during regeneration (results

reported in this paper), and the effects of continuous poisoning and of high and

low oxygen tension were determined by measuring the progress of regeneration

(results to be reported later).

* Present address : Department of Chemistry, Stanford University, California.
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MATERIALS AND METHODS

Worms of the species Tubifc.v tubifc.r
1 were rigorously selected for uniform

size and condition (3.5 to 5.0 centimeters in length, a light, smoothly graded color,

no signs of previous regeneration, no signs of breeding condition). For a week
before use and between determinations the worms were kept in frequently changed

tapwater at about 17C. A 0.2 per cent solution of chloretone was used as an anaes-

thetic during amputation of the posterior two-fifths of each worm and during exami-

nation under the microscope. Individual worms were kept in anaesthesia no longer
than ten minutes every third day (cf.. Stone, 1932). Stage and rate of regeneration
were estimated at intervals of several days. Three stages in the formation of a new

segment were clearly distinguishable /;/ rivo. First the new segment appeared as

a narrow shadow perpendicular to the longitudinal axis of the worm. Later the

new segment was slightly longer and the septum appeared as a pair of fine sharp
lines. Finally the new setae were visible as small refractile bodies. The three

stages were considered to be stages of localization, early differentiation, and later

differentiation respectively (cf.. Stone's description of the cytology and histology
of regeneration in Tubife.v titbifc.v}. The number of segments in each of the stages

was recorded separately. After regeneration had proceeded for a week or more,

all stages of segments were present in the new tail, but segments which were hard

to classify were few in number. "Rate of localization" - was calculated as the in-

crease in total number of segments per worm per day ; "rate of early differentiation"

as the increase in number of segments in all stages of differentiation, and "rate of

later differentiation" as the increase in number of segments with setae.

Most of the determinations of oxygen consumption were made by the Warburg
manometric method, at 25 C. Worms for these determinations were taken in

groups of twenty-five to forty, collected into a ball, rolled on filter paper to free

them of excess water, placed in a pan of platinum foil and weighed quickly on a

torsion balance. Consecutive weighings were found to deviate by less than one

per cent. A difficulty in use of intact animals in the Warburg apparatus was en-

countered in the differences in degree of dispersion of the worms over the bottom

of each flask. Probably the marked ability of T. tnbijc.v to contract "oxygen debt"

(Harnisch, 1935) was brought into play when the worms remained in a ball (aver-

age oxygen consumption in five determinations during which the worms remained in

a ball was 0.12 milliliter per gram wet weight per hour compared to 0.16 milliliter

for dispersed worms). Fortunately the worms spread out uniformly in most cases

and only those determinations throughout which the worms were uniformly dis-

persed were included when calculating averages.
Successive determinations were made on the same worms at intervals of several

days and the progress of regeneration was also measured. That this routine was
not unduly injurious to the worms was indicated by a normal rate of regeneration
and a casualty rate only slightly higher than that of worms upon which no manomet-
ric determinations were made ; also the oxygen consumption of intact worms used

as control remained constant within the limits of error throughout each series of

1 Identification confirmed by Dr. R. G. Stone, University of Kansas City.
2 This is the same as rate of regeneration as used by Stone (1932) and Coldwater (1933),

although these authors did not calculate rate on a daily basis. From their published data on

comparable worms the curve in Graph 1 may be duplicated.
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determinations. These intact worms were anaesthetized and examined as were the

experimental animals, injured individuals being removed from the group. About
10 per cent of the worms in each group had been removed by the end of the

experiments.
A modification of the method reported by Rowland and Bernstein (1931) was

used for measuring oxygen consumption by individual worms. Each worm was
drawn into a capillary tube 0.5 millimeters in diameter. By shifting the worm in

a drop of water back and forth in the tube, air was drawn in at each end, then a

drop of 5 per cent potassium hydroxide solution. Finally one end was sealed with

paraffin oil and the other with vaseline (see Fig. 1). The tube was mounted in a

t
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tion as drastically as its toxicity might suggest. Comparison with the data re-

viewed by Commoner (1940) shows that the total oxygen consumption by T. tubijex
is of the same absolute magnitude as the cyanide-stable fraction of respiration in

many other animals and tissues for which such data are available. .

TABLE 1

Oxygen consumption by intact worms in various concentrations of

potassium cyanide

Solution
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by X-ray treatment showed no similar increase in oxygen consumption. It was

considered that the increased oxygen consumption was associated with some process

occurring during regeneration. In this preliminary work no counts of segments had

been made, but the data of Stone (1932) were used for comparison. It was sug-

gested that differentiation might be the process with which the increased oxygen

consumption was associated. It was thought possible that the increase in oxygen

consumption might be cyanide-sensitive as in the case of grasshopper embryos (Bo-

dine et al., 1934, 1940). To test this possibility as well as to check results thor-

oughly using a standard method, experiments were set up in which the Qo-_, of re-

generating worms in tapwater and in dilute cyanide solution (2 X 10~ 4 M KCN)
was determined using Warburg manometers. Detailed observations of the progress

of regeneration were made on the same worms. A total of nine groups of worms,
303 individuals, were followed through regeneration in three series of experiments.

Four groups of worms, 137 individuals, served as control. Results of the manomet-

ric determinations are summarized in Table III, each figure being the average of

TABLE III

Oxygen consumption by groups of worms
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general the results of the earlier determinations using individual worms in capillary

tubes. 3 At no time was a significant cyanide-sensitive fraction of respiration found.

A summary of data on loss of weight by the worms involved in this study is

given in Table IV. These data indicate not only that the regenerating worms lost

TABLK IV

Original length of
worms in

centimeters
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"work of development" should be a potential energy resident in structure, i.e., should

he "work of differentiation." He further pointed out in reviewing the work of Bohr
and Hasselhalch, that the energy resident in mechanical structure must he either

non-existent or extremely small in amount. Essentially, the difficulties arose from

the inadequacy of controls : no measure of an energetic cost of maintenance separate
from an energetic cost of development was available in the work of Tangl, Farkas,

and Bohr and Hasselbalch.

Tyler (1933) found that normally developing dwarf sea urchin embryos con-

sumed more oxygen than normal-sized embryos in reaching the same stages of

development. He interpreted his results in terms of a metabolic cost of differenti-

ation. Tyler's concept, different from that discussed by Needham, involves the ex-

penditure of energy in morphogenesis but not necessarily the storage of energy in

visible structure. His investigations of giant embryos gave evidence consistent with

his interpretation and he tried further to dissociate differentiation, growth, and

maintenance in his material, but was unsuccessful. He stated (1936), "It has been

concluded from earlier work that energy is required for the processes of embryonic
differentiation, although the quantities involved could not be estimated."

Some of the difficulties encountered in studies of morphogenesis in embryonic

development are avoided when morphogenesis is investigated in regeneration. In-

tact animals may be used in measuring the metabolism associated with maintenance,
4

and comparison between the metabolic rates of regenerating and of intact animals

gives a measure of metabolism associated with morphogenesis. Increased rate of

oxygen consumption during regeneration has been reported in Planarians (Cold-

water, 1930). The additional metabolism appeared immediately after cutting and

may have been associated with proliferation and increased numbers of the formative

cells in this case. Coldwater chose this interpretation. However, it has not been

demonstrated that either formative cells or other cells of an embryonic nature have

intrinsically high respiratory rate. Tumor cells, for instance, have been found to

have a relatively low Q02 (Warburg, 1930). Since these may be considered em-

bryonic cells in which determination and differentiation are not proceeding, their

metabolism may be considered entirely associated with maintenance and prolifera-

tion. On this basis, maintenance of embryonic cells should not, in itself, lead to

increased respiration. From an examination of Needham's comprehensive review

of the investigations of metabolism of embryos it is clear that the magnitude of rate

of oxygen consumption is not greater than that of certain adult tissues. It is possible

that in regenerating Planarians the additional metabolism was associated with truly

morphogenetic processes rather than with proliferation and maintenance, but the

data do not allow a distinction between the possibilities.

In the present work a distinction is possible. During regeneration in T. tubijex
the rate of oxygen consumption was found to remain normal for the first week.

During the second week the oxygen consumption was found to increase to well above

normal. Because the markedly increased oxygen consumption did not appear

during early stages of regeneration, it certainly was not associated with mobilization

or proliferation of the neoblasts. That it was not associated with increase in size

4 In the present work the data provide an empirical check on this assumption : since the Q -

remained normal during most of the first week of regeneration, the aerobic metabolic cost of

maintenance of regenerating worms must be the same as that of intact worms.
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of the new segments is clear from the consideration that increase in rate of oxygen

consumption appeared before marked increase in the size of the new tail ; during the

first two weeks the regenerant tail constituted only a very small fraction of the

total volume of the worm (less than one-twentieth). Hence the additional oxygen

consumption may be considered to be associated with morphogenesis proper. From
the present data it is not possible to distinguish whether the additional oxygen con-

sumption occurred in the regenerant tail alone or whether the older tissues also con-

sumed oxygen more rapidly. If the increase be referred to the regenerant tail

alone, the QO2 of this part must have been extremely high. However, in estimating

a metabolic cost of morphogenesis it is logical to refer the cost to the worm as a

whole. Estimated on the basis of oxygen consumption, the metabolic cost of

morphogenesis during the second week of regeneration would be at least half as

great as the cost of maintenance of the whole worm. Another estimate of a possible

cost of morphogenesis is available from the data. Because of the starving condition

of the worms, all substrates of metabolism in both intact and regenerating worms
were necessarily derived from the older tissues

;
loss in weight should be propor-

tional to the amount of the materials metabolized away. Materials which were

transferred from the older tissues to the regenerant tissues should not enter into

the determination, and thus loss in weight should be proportional to net rather than

gross breakdown of substrates. It was found that during the same periods of time

regenerating worms lost weight almost twice as rapidly as intact worms. On this

second basis, morphogenesis has a metabolic cost nearly the same as the cost of

maintenance of the entire worm. The cost estimated from weight loss is thus

greater than that estimated from oxygen consumption. Probably not all of the

breakdown of substrates is associated with oxygen consumption, and morphogenesis

may have an additional cost in terms of activity of anaerobic metabolism or glycolysis.

Analysis of a metabolic cost of morphogenesis may be carried further by com-

paring the time course of rate of oxygen consumption with the time course of events

in regeneration, especially the time course of the processes which were measurable

in terms of segments per worm per day. During the period of highest rate of locali-

zation, oxygen consumption was only slightly above that of non-regenerating worms.

During the earliest stages of differentiation oxygen consumption was almost pre-

cisely the same as in non-regenerating worms. This indicates that localization is

not particularly costly in terms of aerobic metabolism, while initiation of differenti-

ation appears to cost nothing. The evidence does not indicate that localization and

early differentiation are independent of catabolism. Measurements of total oxygen

consumption give no indication of the relative activities of different fractions of

catabolism, nor do they indicate how much energy may be released through cellular

oxidative systems which use some hydrogen acceptor other than molecular oxygen.

(Evidence which indicates an "activity metabolism" of localization will be presented
in a later paper.)

The peak in rate of oxygen consumption was found to coincide in time with the

peak in rate of later differentiation. Furthermore, the earliest time of marked in-

crease in oxygen consumption coincided with the time at which the later stage of

differentiation began appearing, first at a low rate, then more rapidly, parallel with

increase in rate of oxygen consumption. The marked increase in oxygen consump-
tion in regenerating T. tubijex is associated with differentiation, or some process
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involved therein, and not with morphogenetic processes in general. It is suggested

that differentiation is paid for in terms of metabolically released energy, and that

the cost is high. As estimated from increase in oxygen consumption and in loss of

weight, this cost must he at least half as great as the cost of maintenance of the

entire worm.

SUMMARY

1. Methods of measuring "rate of localization," "rate of early differentiation,"

and "rate of later differentiation," during posterior regeneration in Tubifex tubifcx

have been described.

2. A method of measuring oxygen consumption of individual worms has been

described.

3. Oxygen consumption, as determined according to the above mentioned method

and also according to the Warburg manometric method, has been found to proceed
at a near normal rate during localization and early stages of differentiation in the

first week of regeneration.
4. Markedly increased rate of oxygen consumption has been found associated

with maximum rate of later differentiation during the second week of regeneration.

5. No significant cyanide-sensitive fraction of respiration was found at any stage

of regeneration.
6. Worms in which regeneration had been inhibited by X-ray treatment showed

no increase in oxygen consumption.
7 '. Loss of weight by the starving regenerating worms was found to be almost

twice as great as by the intact worms.

8. The data have been discussed in terms of a metabolic cost of differentiation,

which cost would be at least half as great as the metabolic cost of maintenance of

the entire worm.
9. It is concluded that the marked increase in aerobic metabolism observed during

regeneration in T. tub if ex is associated with some process or processes involved in

differentiation.

The author expresses her deep appreciation for the direction and encouragement
so generously given by Dr. Daniel Mazia, for the use of equipment belonging to the

Department of Zoology, for the kindly interest of Dr. W. C. Curtis, and for the sug-

gestions and criticisms offered by numerous people connected with the Department.
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